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Shigella rapidly kills myeloid cells via a caspase-1
inflammasome-dependent cell death mechanism.
However, despite a critical role for nonmyeloid cells
in the physiopathology of Shigella infection, the
mechanism by which Shigella kills nonmyeloid cells
remains uncharacterized. Here we demonstrate
that, in nonmyeloid cells, Shigella infection induces
loss of mitochondrial inner membrane potential,
mitochondrial damage, and necrotic cell death
through a pathway dependent on Bnip3 and cyclo-
philin D, two molecules implicated in the host oxida-
tive stress responses. This mitochondrial cell death
mechanism was potently counterbalanced by a
Nod1-dependent Rip2/IKKb/NF-kB signaling path-
way activated by the pathogen in the first hours of
infection. Our results suggest that in nonmyeloid
cells, oxidative stress pathways and signaling trig-
gered by an intracellular bacterial pathogen are
tightly linked and demonstrate the existence of
specific Shigella-induced prodeath and prosurvival
pathways converging at the mitochondria to control
a necrotic cell death program.
INTRODUTION
Shigella is a Gram-negative facultative intracellular pathogen
that is responsible for bacillary dysentery, or shigellosis, in
humans. Shigella initially crosses the epithelial layer via M cells,
which overlie lymphoid follicles associated with the colorectal
mucosa, and from this port of entry, interacts with (1) resident
macrophages and dendritic cells and (2) intestinal epithelial cells
via their basolateral pole (Phalipon and Sansonetti, 2007). This
results in the induction of proinflammatory cytokines and che-
mokines that initiate the inflammatory process. The production
of IL-8 by epithelial cells during Shigella infection is critical for
the recruitment of immune cells at the site of infection and
depends on intracellular sensing of the bacteria by the Nod-Cell Hoslike receptor (NLR) family member Nod1 (Girardin et al., 2001,
2003). The Nod1-dependent IL-8-driven local acute inflamma-
tory response to Shigella limits the infection at the intestinal level,
allowing recovery from primary infection (Phalipon and Sanso-
netti, 2007).
In addition to their role in inflammation, NLR proteins have also
been shown to link innate immunity and death signaling in
Shigella infection. In macrophages, Shigella has been shown to
trigger cell death that displays hallmarks of apoptosis (Zychlin-
sky et al., 1992) and necrosis (Ting et al., 2008). An important
feature of bacteria-induced cell death in macrophages is the
implication of caspase-1 (Chen et al., 1996), which results in
apoptosis associated with inflammation, through the secretion
of IL-1b and IL-18 (Sansonetti et al., 2000). This specific mode
of apoptotic cell death associated with inflammation in infected
macrophages has been recently termed ‘‘pyroptosis’’ in order to
differentiate it from other types of apoptosis that do not turn on
proinflammatory programs (Ting et al., 2008). Recently, the
molecular machinery responsible for the activation of caspase-1
and the subsequent release of IL-1b and IL-18 has been the
subject of great attention, and several NLR proteins have been
shown to form ‘‘caspase-1 inflammasomes’’ (Mariathasan and
Monack, 2007). Among those, it has been reported that the
NLRC4 (IPAF) inflammasome plays a key role in Salmonella-
mediated caspase-1 activation and macrophage cell death,
through the specific detection of intracellular flagellin (Franchi
et al., 2006; Mariathasan et al., 2004; Miao et al., 2006). Surpris-
ingly, it has also been reported that, in the case of macrophage
infection with Shigella, NLRC4 is also implicated in pyroptosis in
a flagellin-independent manner (Suzuki et al., 2007). Finally,
NLRP3 (also known as Cryopyrin or Nalp3) was shown to
mediate an additional cell death pathway in Shigella-infected
macrophages. Interestingly, this pathway, termed ‘‘pyronecro-
sis,’’ is not dependent on the inflammasome activity of NLRP3
and thus is caspase-1 independent (Willingham et al., 2007).
In contrast to macrophages, the cell death mechanisms in
Shigella-infected epithelial cells remain largely unknown. Mantis
and colleagues have demonstrated that, in a human epithelial
cell line, Shigella infection does not result in cell death at early
stages. Even more strikingly, infected epithelial cells remained
alive despite an overwhelming bacterial multiplication in thet & Microbe 5, 123–136, February 19, 2009 ª2009 Elsevier Inc. 123
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either the host intracellular pattern-recognition molecules
(PRMs) were inefficient at triggering cell death pathways in
response to Shigella infection, or that strong survival-signaling
pathways were induced to counteract bacteria-induced cell
death mechanisms. However, despite these initial observations,
the molecular mechanisms of Shigella-induced cell death/
survival in nonmyeloid cells have not been further elucidated.
Here, we provide evidence that Bnip3 and cyclophilin D
(CypD), two key regulators of mitochondrial permeability transi-
tion (mPT) and cell death during oxidative cell stress, are critically
implicated in Shigella-induced cell death in nonmyeloid cells.
Cells isolated from CypD-deficient mice or silenced for Bnip3
expression were protected from Shigella-induced mitochondrial
dysfunction and subsequent cell death. Importantly, simulta-
neous activation of the NF-kB pathway following bacterial detec-
tion by the NLR protein Nod1 was able to provide a partial
protection against Bnip3- and CypD-mediated cell death, in
part through the involvement of Bcl-2. Our results, therefore,
strongly suggest that, in nonmyeloid cells, oxidative stress path-
ways and signaling triggered by an intracellular bacterial path-
ogen are tightly linked. Finally, the results reported here highlight
the fundamental differences in the cell death and survival
mechanisms triggered by Shigella in myeloid and nonmyeloid
cells, which likely impact the physiopathology of infection.
RESULTS
Shigella Induces Caspase-Independent Cell Death
in Nonmyeloid Cells
In order to investigate the ability ofShigella to induce cell death in
epithelial cells after prolonged periods of infection, we first in-
fected HeLa cells with either an invasive (M90T) or a noninvasive
(BS176) strain for up to 30 hr. While BS176 was unable to cause
cell death, even at later time points, M90T caused significant cell
death, as depicted by the observation of nuclear condensation
(Figure 1A) and cell swelling (Figure 1B). Additionally, plasma
membrane damage, as measured by propidium iodide (P.I.)
incorporation (P.I.+ cells), was observed following infection with
the invasive strain starting at 10 hr postinfection and reaching
maximal levels after 30 hr of infection (Figure 1C). Cell death
induced by invasive Shigella in HeLa cells was independent of
caspases, since the pan-caspase inhibitor Z-VAD-fmk was
unable to prevent plasma membrane damage in infected cells
(Figure 1D).
Nod1 Protects Nonmyeloid Cells from Shigella-Induced
Cell Death
In epithelial cells, the NLR protein Nod1 has been shown to play
a crucial role in the detection of intracellularShigella and initiation
of the inflammatory response (Girardin et al., 2001). We therefore
sought to analyze if Nod1 was also involved in Shigella-induced
epithelial cell death. As a first approach, HeLa cells overexpress-
ing GFP + Nod1 LRR, a validated dominant-negative construct
that blocks Nod1 signaling (Girardin et al., 2001), were infected
with Shigella and observed by time-lapse microscopy. Interest-
ingly, blocking Nod1 signaling not only resulted in overall
increase in percentage of P.I.+ cells (Figure 2A), but also cell
swelling was observed at much earlier time points, starting at124 Cell Host & Microbe 5, 123–136, February 19, 2009 ª2009 Else3 hr 30 min postinfection with complete disruption of the cell after
7 hr of infection (Figure 2B). Similarly, silencing Nod1 expression
with shRNA validated in our laboratory (Viala et al., 2004) also
resulted in increased levels of cell death after Shigella infection
(Figures 2C and 2D). The number of bacteria per GFP+ cell was
counted in bright field, and no difference in bacterial uptake
was observed between HeLa cells overexpressing Nod1 or the
dominant-negative construct or between HeLa cells silenced
with shRNA-Nod1 or the scrambled shRNA control (data not
shown).
To further investigate the role of Nod1 in Shigella-induced cell
death, we next infected mouse embryonic fibroblasts (MEFs) as
a model of nonmyeloid cells and bone marrow-derived macro-
phages (BMDMs) as a model of myeloid cells, obtained from
wild-type (WT) and Nod1-deficient mice with the invasive strain
of Shigella. In line with the results obtained in HeLa cells, after
8 hr of infection, the percentage of P.I.+ cells was significantly
higher in Nod1/ MEFs when compared to WT controls
(Figure 2E). In contrast, similar numbers of P.I.+ cells were
observed in BMDMs isolated from Nod1/ and WT mice after
infection, with about 70% of cells from both genotypes dead
after only 2 hr of infection (Figure 2F), therefore showing that,
in primary macrophages, Nod1 does not protect from cell death
induced by Shigella. Overall, these data demonstrate that,
contrary to previous observations in overexpression systems
(da Silva Correia et al., 2006, 2007), Nod1 actually plays a key
role in protecting primary nonmyeloid cells against cell death
induced by an intracellular bacterial pathogen.
In macrophages, the NLR family members NLRC4 and NLRP3
mediate Shigella-induced pyroptosis and pyronecrosis, respec-
tively, with activation of the caspase-1 inflammasome and
subsequent IL-1b processing and release (Ting et al., 2008). In
nonmyeloid cells, however, the relevance of these pathways is
still unclear. In our experimental system, neither Nod1/ nor
WT MEFs secreted IL-1b after infection with Shigella
(Figure S1A). In addition, maintaining the cells in medium with
elevated K+ concentration, which is known to prevent NLRP3
activation, did not alter the levels of cell death in Nod1/ or
WT MEFs (Figure S1B). Finally, the cathepsin B inhibitor
Ca-074-Me, which has been shown to prevent the NLRP3-medi-
ated macrophage death after S. flexneri infection, had no effect
on Nod1/ or WT MEF death after infection (Figure S1C).
Altogether, these results indicate that the differences in cell
death and survival after Shigella infection in myeloid versus non-
myeloid cells not only are temporal but, more importantly,
involve different pathways.
Shigella Induces a Necrotic Type of Cell Death
in Nonmyeloid Cells
Because Nod1 triggers a potent cell survival mechanism in non-
myeloid cells infected with Shigella, Nod1/ MEFs represent
a unique experimental system to investigate cell death pathways
induced by this pathogen. To this end, infected WT and Nod1/
MEFs were analyzed by flow cytometry for Annexin V and P.I.
stainings, which are markers of apoptosis and general cell death,
respectively. No differences between the two genotypes were
observed in time points earlier than 6 hr (Figure S3). After 8 hr
of infection, however, 29.8% ± 9.2% of the WT MEFs and
65.3% ± 10.6% of the Nod1/ MEFs were P.I+, indicating lossvier Inc.
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(A and B) Nuclear condensation (A) and morphological alterations (B) in HeLa cells overexpressing GFP after infection with an invasive (M90T) or a noninvasive
(BS176) strain of Shigella for 10 hr and stained with Hoechst 33342. Micrographs are representative of three independent experiments (magnification: 103 in [A]
and 403 in [B]).
(C and D) Cell death induced by M90T or BS176 in HeLa cells at different time points (C) and in the presence of the pan-caspase inhibitor Z-VAD-fmk (D), as
measured by P.I. incorporation (30 hr). Data are represented as mean ± SEM of three independent experiments. *p < 0.05.of plasma membrane integrity (Figure 3A). In contrast, Shigella
infection resulted in only a marginal increase in Annexin
V-single-positive cells. Importantly, in all time points tested,
the cells that displayed Annexin V-positive staining were also
P.I.+, which together is a hallmark of necrosis, while apoptosis
is classically associated with P.I.-negative and Annexin V-posi-
tive staining (Figure S3). Therefore, these data indicate that in
MEFs, Shigella infection has features of necrosis, rather than
apoptosis. Accordingly, and in agreement with our data in
HeLa cells, the pan-caspase inhibitor Z-VAD-fmk did not prevent
Shigella-induced cell death in MEFs (Figure 3B). The treatment
with Z-VAD-fmk did not interfere with bacterial entry or survival
within the cell (Figure S2). Additionally, neither WT nor Nod1/
MEFs presented DNA strand breaks typical of apoptosis, as re-
vealed by TUNEL assay (Figure 3C). At the ultrastructural level,
signs of necrotic cell death were observed in WT and, to a signif-Cell Hosicantly higher extent, in Nod1/ MEFs after 8 hr of infection. In
particular, cell death induced by Shigella was characterized by
loss of plasma membrane integrity, mitochondrial swelling with
loss of electron density in the matrix, and extensive vacuolization
(Figure 3D). The mitochondrial damage observed by electron
microscopy prompted us to analyze the effect of Shigella infec-
tion on the mitochondrial inner membrane potential, which is
a critical parameter of mitochondrial metabolism. Strikingly,
Shigella infection resulted in a dramatic drop in mitochondrial
inner membrane potential (Dcm) in Nod1
/ MEFs (51.96% ±
14.8%), while only a minor decrease was observed in WT
MEFs (9.5% ± 3.8%) (Figure 3E).
Taken together, these results demonstrate that Shigella
induces a caspase-independent necrotic type of cell death asso-
ciated with mitochondrial dysfunction and that Nod1 plays
a crucial role in the protection against this type of cell death.t & Microbe 5, 123–136, February 19, 2009 ª2009 Elsevier Inc. 125
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Shigella-Induced Cell Death and Survival PathwaysFigure 2. Nod1 Protects Nonmyeloid Cells, but Not Macrophages, from S. flexneri-Induced Cell Death
(A–D) Cell death induced by Shigella in HeLa cells overexpressing either full-length Nod1 (Nod1 FL) or its dominant-negative truncated form (Nod1 LRR) (A) or in
HeLa cells silenced with shRNA-Nod1 or the shRNA-control (C), as measured by P.I. incorporation (10 hr). Data are represented as mean ± SEM of three inde-
pendent experiments. Morphological alterations, i.e., cell swelling and disruption (arrows), are shown in HeLa cells overexpressing GFP + Nod1 LRR observed by
time-lapse fluorescence and light microscopy (magnification: 403) (B) or in HeLa silenced with shRNA-Nod1 or shRNA control after 10 hr of infection withShigella
(magnification: 403) (D). Micrographs are representative of three independent experiments.
(E and F) Cell death, measured by P.I. incorporation, in WT andNod1/MEFs and BMDMs, respectively, after different periods of infection withShigella. Data are
represented as mean ± SEM of five independent experiments. *p < 0.05.126 Cell Host & Microbe 5, 123–136, February 19, 2009 ª2009 Elsevier Inc.
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Shigella-Induced Cell Death and Survival PathwaysFigure 3. S. flexneri Induces a Necrotic Type of Cell Death in Nonmyeloid Cells
(A) Annexin V and P.I. staining in WT and Nod1/ MEFs after 8 hr of infection with Shigella. Histograms are representative of five independent experiments.
(B) Cell death measured by P.I. staining in WT and Nod1/ MEFs after infection with Shigella and in the presence of the pan-caspase inhibitor Z-VAD-fmk (8 hr).
Data are represented as mean ± SEM of four independent experiments.
(C) Analysis of DNA fragmentation after Shigella infection (8 hr) in WT and Nod1/ MEFs by TUNEL assay (magnification: 203).
(D) Transmission electron microscopy of WT and Nod1/ MEF noninfected controls (a–d) and following infection (8 hr) with Shigella (e–h); WT and Nod1/ MEF
noninfected controls display normal mitochondria (c and d). Ultrastructural alterations include extensive cytoplasmic vacuolation (arrows in [f]), swollen rounded
mitochondria with disrupted internal structures (arrows in [g]), and plasma membrane disruption (arrows in [h]). Micrographs are representative of two indepen-
dent experiments in (C) and (D).
(E) Mitochondrial transmembrane potential (Dcm) in WT and Nod1
/ MEFs after infection with Shigella (8 hr). Data are represented as mean ± SEM of eight inde-
pendent experiments.Cell Host & Microbe 5, 123–136, February 19, 2009 ª2009 Elsevier Inc. 127
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Cell Death by Activating NF-kB
The best-characterized signaling pathway induced by Nod1
upon bacterial infection is the Rip2-dependent activation of the
transcription factor NF-kB (Carneiro et al., 2008). To analyze if
the protection conferred by Nod1 against Shigella-induced cell
death was dependent on its ability to induce NF-kB, we first
compared the levels of NF-kB activation in WT and Nod1/
MEFs after infection. To this end, we used an ELISA-based assay
to detect the p65 subunit in nuclear extracts. The levels of p65
translocation into the nuclei were significantly lower in Nod1/
MEFs when compared to WT controls at all time points
(Figure 4A). Additionally, the secretion of the chemokine KC,
which is dependent on NF-kB activation, was significantly lower
in Nod1/ MEFs in all postinfection time points tested
(Figure 4B). Finally, using immunohistochemistry, we observed
that Shigella infection induced p65 nuclear translocation in WT
MEFs and primary mouse intestinal epithelial cells but not in
Nod1-deficient cells (Figure 4C).
The adaptor protein Rip2 is indispensable for Nod1-depen-
dent NF-kB activation (Park et al., 2007). We next analyzed if
Rip2/ MEFs were also sensitive to Shigella-induced cell death.
As shown in Figures 4D and 4E, Shigella infection led to signifi-
cant mitochondrial Dcm loss and increased number of P.I.
+ cells
in Rip2/ MEFs when compared to WT controls, similar to what
was observed in Nod1/ MEFs.
We then examined if blocking NF-kB activation would render
WT MEFs more sensitive to Shigella-induced cell death. The
selective NF-kB inhibitors Wedelolactone, an irreversible inhib-
itor of the IKK complex, and JSH-23, which blocks nuclear trans-
location of p65 and its transcription activity, were added to the
cells before infection and throughout the entire experiment.
Indeed, blocking NF-kB activation with either inhibitor resulted
in loss of Dcm and increased percentage of P.I.
+ cells in WT
MEFs after Shigella infection, as observed in Nod1/ and
Rip2/MEFs (Figures 4F, 4G, S4A, and S4B). Importantly, treat-
ment with either inhibitor did not alter bacterial entry or survival
(Figure S2).
NF-kB activation requires the IkB kinase (IKK) complex con-
taining the two catalytic subunits IKKa and IKKb, which regulate
distinct NF-kB pathways. We next tested if these two subunits
had differential roles in the protection against Shigella-induced
cell death. Infection of IKKa/ MEFs with Shigella resulted in
a slight decrease in the Dcm, followed by a minor increase in
the percentage of P.I.+ cells (Figures 4H and 4I). On the other
hand, the response of IKKb/ MEFs to Shigella infection was
similar to the one observed in Nod1/ and Rip2/ MEFs,
with a significant drop in Dcm followed by massive increase in
the percentage of P.I.+ cells (Figures 4H and 4I).
Thus, the protection conferred by Nod1 against Shigella-
induced nonmyeloid cell death is dependent on the activation
of NF-kB through the classical pathway involving Rip2 and IKKb.
Cyclophilin D-Dependent Mitochondrial Permeability
Transition Is Critical for Shigella-Induced Nonmyeloid
Cell Death
Mitochondrial function is an important ‘‘checkpoint’’ in different
types of cell death, and mitochondrial collapse is often regarded
as a ‘‘point of no return’’ in the cell death program. The loss of128 Cell Host & Microbe 5, 123–136, February 19, 2009 ª2009 ElseDcm, as well as the loss of electron density in the matrix and
swelling of the mitochondria that we observed in Nod1/
MEFs, are characteristic features of mPT (Armstrong, 2006).
The mPT is thought to occur after the opening of a putative
channel complex in the mitochondrial inner membrane, which
has been termed the permeability transition pore (PTP) and
consists of the voltage-dependent anion channel (VDAC, an outer
membrane channel), the adenine nucleotide translocator (ANT,
an inner membrane channel),CypD,and possibly othermolecules
(Kroemer et al., 2007). In order to investigate if the mitochondrial
changes induced by Shigella infection in Nod1/ MEFs are
dependent on the mPT, we first treated WT and Nod1/ MEFs
with cyclosporine A (CsA), a small molecule that binds to CypD,
preventing its binding to ANT and the subsequent opening of
the PTP. Strikingly, treatment with CsA prevented Dcm loss
(Figures 5A and 5B) and subsequent P.I. incorporation (Figure 5C)
in Nod1/ MEFs after infection with Shigella. CsA did not inter-
fere with bacterial entry or survival within the cell (Figure S2).
To further substantiate our findings on the role of the mPT in
Shigella-induced cell death, we generated CypD//Nod1/
double knockout mice and prepared MEFs from these animals
and their littermate WT controls. While CypD/ behaved simi-
larly to WT MEFs (Figure S5), CypD//Nod1/ MEFs were
completely protected from Dcm loss following Shigella infection
(Figure 5D). Importantly, Shigella infection induced similar levels
of P.I.+ cells inCypD//Nod1/ and WT control MEFs, showing
that the mPT is a prerequisite for Shigella-induced cell death in
nonmyeloid cells (Figure 5E).
The generation of reactive oxygen species (ROS) can lead to
the mPT or, conversely, can be generated following the mPT
as a consequence of mitochondrial dysfunction. We next exam-
ined if the mPT induced by Shigella infection in Nod1/ MEFs
was due to the generation of ROS. Using the cell-permeable
fluorescent dye H2DCFDA to measure intracellular ROS levels,
we observed no significant production of ROS in either WT or
Nod1/ MEFs in time points earlier than 5 hr. However, at later
time points, detectable amounts of ROS were observed in WT
MEFs and significantly higher amounts in Nod1/ MEFs after
10 hr of infection (Figures 5F and 5G). Thus, in our experimental
system, ROS were generated at later time points than the Dcm
collapse (Figures 5G and 5H), implying that they are a conse-
quence of the mPT and might contribute to increased cell death
in Nod1/ MEFs but are not the cause of the mitochondrial
collapse. Collectively, these data demonstrate a critical role for
CypD-dependent mitochondrial dysfunction and cell death in
Shigella-infected nonmyeloid cells.
Bnip3 Triggers the mPT in NonMyeloid Cells Following
Shigella Infection
The mPT ensues as a consequence of a variety of cellular
stresses such as hypoxia or Ca2+ overload and, thus, multiple
stress-related pathways have been implicated in mPT induction,
particularly the ones involving tumor suppressor p53 (Charlot
et al., 2004) and the hypoxia-inducible factor (HIF) (Baetz et al.,
2005). We next tested the ability of Shigella to induce either of
these signaling pathways by using different gene-reporter
assays in HEK293T cells. As shown in Figure S6, Shigella infec-
tion failed to induce any response in cells transfected with p53-
luciferase or HIF-luciferase.vier Inc.
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Shigella-Induced Cell Death and Survival PathwaysFigure 4. Nod1 Protects Nonmyeloid Cells from S. flexneri-Induced Cell Death by Inducing NF-kB Activation through the Rip2-IKKb Axis
(A) Nuclear translocation of p65 in WT and Nod1/ MEFs after different periods of infection with Shigella. Data are represented as mean ± SEM of three inde-
pendent experiments.
(B) KC levels measured in supernatants of WT and Nod1/ MEFs infected with Shigella at different time points. Data are represented as mean ± SEM of two
independent experiments.
(C) Immunofluorescence analysis of nuclear translocation of p65 in WT and Nod1/ MEFs and primary mouse intestinal epithelial cells infected with Shigella for
1 hr (magnification: 633). Micrographs are representative of four independent experiments.
(D–I) Mitochondrial transmembrane potential (Dcm) decrease (D) and cell death (E) measured by P.I. incorporation induced by Shigella infection after 8 hr
in Rip2/ MEFs; in WT (F) and Nod1/ (G) MEFs in the presence of the NF-kB inhibitor Wedelolactone (8 hr); in IKKa/ (H) and IKKb/ MEFs (I). Data
are represented as mean ± SEM of three independent experiments. *p < 0.05.Cell Host & Microbe 5, 123–136, February 19, 2009 ª2009 Elsevier Inc. 129
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Shigella-Induced Cell Death and Survival PathwaysFigure 5. The mPT Is a Prerequisite for S. flexneri-Induced Cell Death
(A–C) Effects of cyclosporine A (CsA) on the mitochondrial transmembrane potential (Dcm) (A and B) and on cell death (C) measured by P.I. incorporation in WT
andNod1/MEFs after 8 hr of infection withShigella. Histograms are representative of six independent experiments. Data are represented as mean ± SEM of six
independent experiments.
(D and E) Mitochondrial transmembrane potential (Dcm) (D) and cell death (E) measured by P.I. incorporation in WT, Nod1
/, CypD/, and Nod1//CypD/
MEFs after 8 hr of infection with Shigella. Data are represented as mean ± SEM of four independent experiments.130 Cell Host & Microbe 5, 123–136, February 19, 2009 ª2009 Elsevier Inc.
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Bcl-2 family to regulate the mPT following Shigella infection. In
particular, Bnip3, a BH3-only member of the Bcl-2 family, has
been implicated in induction of the mPT and necrosis following
hypoxia (Baetz et al., 2005), acidosis (Graham et al., 2004), and
more recently, anthrax lethal toxin-induced cell death (Ha
et al., 2007). Therefore, we first overexpressed Bnip3 in WT
and Nod1/ MEFs and analyzed the mitochondrial morphology
and capacity of retention of the mitochondrial selective dye
MitoTracker Deep Red 633 (as an indicator of intactDcm) by fluo-
rescence microscopy. Overexpression of Bnip3 alone did not
result in dramatic changes in mitochondrial morphology but
did reduce MitoTracker retention in 23.8% ± 7.3% and
25.3% ± 8.4% of the transfected WT and Nod1/ MEFs,
respectively (Figures 6A and S7). In Nod1/ MEFs, infection
with Shigella led to a change in the mitochondrial network from
filiform to a punctate network, and MitoTracker staining ap-
peared diffuse, indicating loss of Dcm in 30.9% ± 8.3% of the
infected cells, while in WT MEFs, this value was 6.2% ± 4.3%
(Figures 6A and S7). Finally, when cells overexpressing Bnip3
were infected with Shigella, a dramatic effect in mitochondrial
morphology/distribution was observed, with perinuclear clus-
tering of the mitochondria and a profound decrease in Mito-
Tracker retention observed in both WT and Nod1/ MEFs,
indicating that the combination of Bnip3 overexpression and
Shigella is able to bypass the protection conferred by Nod1,
resulting in mitochondrial collapse (Figures 6A and S7).
To further examine the potential role of Bnip3 in Shigella-
induced mPT, we knocked down the expression of Bnip3 in
WT and Nod1/ MEFs using small interfering RNA and
measured the Dcm after Shigella infection by flow cytometry.
Importantly, silencing Bnip3 expression protected Nod1/
MEFs by reducing the loss of Dcm following infection with
Shigella (Figure 6B).
We next analyzed if the participation of Bnip3 in S. flexneri-
induced mPT inNod1/ MEFs was due to increased expression
levels. As shown in Figures 6C and S9A, infection with Shigella
induced a moderate increase in Bnip3 mRNA levels, but there
were no significant differences between WT and Nod1/
MEFs. The formation of heterodimers between prodeath and
prosurvival members of the Bcl-2 family determines, at least in
part, the susceptibility of cells to death signals, and Bnip3 has
been shown to interact with other Bcl-2 family members.
While no differences in the expression levels of several
members of the Bcl-2 family (Bax, Bak, Bad, Bcl-w, Bcl-x,
Bim, Bid, and Bik) were observed during infection with Shigella
in WT and Nod1/ MEFs (Figure S8), we noted a decline in
Bcl-2 levels after 5 and 8 hr of infection with Shigella in WT
MEFs and, to a significantly higher extent, in Nod1/ MEFs
(Figures 6C and S9B), resulting in a substantial decrease in the
Bcl-2/Bnip3 expression ratio (Figure 6D) in Nod1/ MEFs. Inter-
estingly, a similar trend was observed in Bcl-2 mRNA levels in
NEMO/ MEFs after infection with Shigella, indicating thatCell Hosthe NF-kB pathway could protect the cells by maintaining the
Bcl-2 levels (Figures 6E, 6F, S9C, and S9D). Together, these
results indirectly suggested that Bcl-2 could prevent Bnip3-
dependent mPT in Shigella-infected MEFs. To investigate this
hypothesis, we overexpressed Bcl-2 in WT and Nod1/ MEFs
and infected these cells with Shigella. As shown in Figures 6G
and 6H, Bcl-2 overexpression strongly protected MEFs from
the loss of Dcm and cell death following Shigella infection,
respectively. Together, these results identify Bnip3 and the
Bnip3/Bcl-2 ratio as critical upstream regulators of CypD-medi-
ated mitochondrial dysfunction in Shigella-infected cells.
DISCUSSION
In the present study, we have analyzed the cell death and
survival mechanisms in nonmyeloid cells infected with the inva-
sive Gram-negative bacterial pathogen Shigella. We report here
that the delayed nature of Shigella-induced cell death in non-
myeloid cells is largely due to Nod1-dependent activation of
NF-kB through the canonical pathway involving Rip2 and IKKb.
In the absence of such protective mechanism, however, these
cells initiate a necrotic cell death program, resulting in massive
cell destruction. Importantly, our findings demonstrate that there
is a programmed course of events leading to necrosis, and by
using Nod1-deficient cells, we were able to unmask this mecha-
nism of Shigella-induced cell death in nonmyeloid cells. This
mechanism was dependent on the balance between two Bcl-2
family members, Bnip3 and Bcl-2, and had as its most striking
feature the induction of CypD-dependent mPT. The findings
described here demonstrate the existence of specific Shigella-
induced prodeath and prosurvival pathways converging at the
mitochondria to regulate a necrotic cell death program (Figure 7).
Therefore, the relative inability of nonmyeloid cells to undergo
a rapid cell death program following infection with Shigella, as
described in macrophages, may result from the strong opposi-
tion between death and survival pathways rather than from inef-
ficient signaling.
While there is abundant literature demonstrating that enteroin-
vasive bacteria, such as Shigella and Salmonella, trigger cell
death in infected myeloid cells, especially macrophages and
dendritic cells, it is surprising that the fate of nonmyeloid cells
such as epithelial cells or fibroblasts following infection with
these pathogenic bacteria remains largely undescribed. Under-
standing the ‘‘dialogue’’ between enteroinvasive bacteria and
nonmyeloid cells is essential for the full comprehension of the
pathology. Nonmyeloid cells are chief participants in the inflam-
matory process induced by Shigella, and as sentinels for sensing
bacterial invasion, they act as the principal source of cytokines
and chemokines that orchestrate mucosal inflammation (Phali-
pon and Sansonetti, 2007). It is possible, thus, that a delayed
onset of a cell death program in these cells may be beneficial
to the host in providing sufficient time for the epithelium to
generate signals necessary for initiating inflammation.(F and G) Determination of intracellular levels of reactive oxygen species (ROS) induced by Shigella infection in WT and Nod1/ MEFs at different time points.
Histograms show the 10 hr time point and are representative of three independent experiments. Data are represented as mean ± SEM of three independent
experiments. *p < 0.05.
(H) Mitochondrial transmembrane potential (Dcm) in WT and Nod1
/ MEFs after different periods of infection with Shigella. Data are represented as mean ± SEM
of three independent experiments. *p < 0.05.t & Microbe 5, 123–136, February 19, 2009 ª2009 Elsevier Inc. 131
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Shigella-Induced Cell Death and Survival PathwaysApoptosis is described as an active, ordered, genetically
controlled, and self-contained process marked by membrane
blebbing and the packaging of cellular material for recycling.
In general, apoptosis relies on the protease activity of cas-
pases. In contrast, necrosis is a caspase-independent process
that is associated with cell swelling and a rapid loss of cell
membrane permeability that causes the release of the cell
content to the extracellular milieu (Degterev and Yuan, 2008).
This last feature is central to the importance of necrosis in an
immune and inflammatory context. Predictably, the release of
cellular components has a drastic effect on the local environ-
ment. Some of these components, including uric acid, purine
metabolites, and heat-shock proteins, can activate pattern-
recognition receptors, leading to the exacerbation of inflamma-
tion in the microenvironment through the induction of additional
Figure 7. Schematic Representation of the
Cell Death and Survival Pathways Triggered
by S. flexneri in Nonmyeloid Cells
Shigella infection triggers two antagonistic
pathways in nonmyeloid cells: (1) the prosurvival
pathway is induced upon Nod1 detection of intra-
cellular bacteria and signals through the adaptor
protein Rip2 and IKKb to activate NF-kB, which
initiates the inflammatory response and upregu-
lates prosurvival genes, such as Bcl-2; (2) simulta-
neously, Shigella infection induces CypD-depen-
dent mPT as a result of a decrease in the ratio of
two Bcl-2 family members, Bnip3 and Bcl-2. The
balance between these two pathways dictates
the fate of the infected cell.
proinflammatory cytokines (Ting et al.,
2008). Based on our results, it is now
apparent that necrosis, once strictly
defined as a passive and accidental
form of cell death, can also represent
the end result of a regulated process
involving checkpoints that determine
cell fate. Indeed, we have defined here
the cell death induced by Shigella in non-
myeloid cells as a necrotic type of cell
death, characterized by loss of Dcm
accompanied by mitochondrial swelling,
disruption of the internal structures, and
extensive plasma membrane damage.
More importantly, our results provide
a molecular characterization of the
host-signaling pathways, leading to mitochondrial dysfunction
and necrosis in infected nonmyeloid cells.
The NLR family of proteins is rapidly emerging as being crucial
to the regulation of immunity (Fritz et al., 2006). To date, work on
NLR proteins has focused largely on their ability to mediate the
initial immune response to pathogenic insults, particularly with
regard to inflammation. However, recent studies show that
NLR proteins also link innate immunity and cell death signaling
(Ting et al., 2008). At early time points and/or low multiplicity of
infection (moi), Shigella induces macrophage pyroptosis.
Recently, the NLR family member NLRC4 has been implicated
in this death pathway, since gene deletion diminishes this
process (Suzuki et al., 2007). At later time points and higher
moi, however, Shigella-induced macrophage pyronecrosis
seems to implicate another NLR family member, NLRP3Figure 6. The Balance between Bnip3 and Bcl-2 Regulates the mPT
(A) Quantification of mitochondrial collapse in WT and Nod1/ MEFs overexpressing Bnip3-GFP after infection with Shigella (8 hr). Data are represented as
mean ± SEM of three independent experiments.
(B) Mitochondrial transmembrane potential (Dcm) in WT and Nod1
/ MEFs silenced for Bnip3 expression with siRNA after infection with Shigella (8 hr).
Histograms are representative of three independent experiments.
(C) Bnip3 and Bcl-2 mRNA expression levels determined by RT-PCR in WT and Nod1/ MEFs, before and after 5 and 8 hr of infection with Shigella.
(D) Bnip3 and Bcl-2 mRNA expression levels determined by RT-PCR in WT and NEMO/ MEFs, before and after 5 and 8 hr of infection with Shigella.
(E) Bnip3/Bcl-2 expression ratio determined by RT-PCR in WT and Nod1/ MEFs, before and after 5 and 8 hr infection with Shigella.
(F) Bnip3/Bcl-2 expression ratio determined by RT-PCR in WT and NEMO/ MEFs, before and after 5 and 8 hr infection with Shigella.
(G and H) Mitochondrial transmembrane potential (Dcm) and cell death measured by P.I. incorporation in WT and Nod1
/ MEFs overexpressing Bcl-2, after
infection with Shigella (8 hr). Histograms are representative of three independent experiments.Cell Host & Microbe 5, 123–136, February 19, 2009 ª2009 Elsevier Inc. 133
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by inflammasome-triggering NLR family members in inflamma-
tory cell death.
The ever-expanding literature on the inflammasomes has
focused mainly on their role in macrophages, and there are
very few reports on the role of these signaling platforms in non-
myeloid cells. In the experimental systems used in the present
study, we could not observe detectable amounts of mature
IL-1b produced following infection with Shigella. In contrast, in
these cells we have identified a crucial role for Nod1, another
NLR family member, in the survival of Shigella-infected cells.
Nod1 has been recognized as a major PRM involved in Shigella
recognition and is crucial for the initiation of NF-kB-dependent
inflammatory and immune responses (Girardin et al., 2001).
Our results demonstrate that, in contrast with the inflamma-
some-forming NLR proteins NLRC4 and NLRP3, Nod1-depen-
dent sensing of Shigella results in the protection of infected cells,
through the induction of the Rip2/IKKb/NF-kB axis. These results
are in sharp contrast with previous reports that have suggested
that Nod1-dependent signaling could trigger caspase-depen-
dent apoptosis (da Silva Correia et al., 2006, 2007). However,
these studies had relied on either overexpression or the use of
immortalized epithelial cell lines, and not in the context of an
infection with a relevant bacterial pathogen. Here, by infecting
primary nonmyeloid MEFs from either WT or Nod1-deficient
mice, we reveal that the overall outcome of Nod1-dependent
sensing of the bacteria leans toward host cell survival rather
than death.
NF-kB is mainly activated via IKK-dependent phosphorylation
and subsequent proteasome-dependent degradation of IkB
proteins. IKK is composed of three subunits, the catalytic
subunits IKKa and IKKb and the regulatory subunit IKKg (also
known as NEMO). Despite extensive structural similarities
between IKKa and IKKb, most stimuli that lead to NF-kB activa-
tion rely mainly on IKKb activity. Activation of NF-kB through one
or the other is thought to generate different prosurvival signals
(Hayden and Ghosh, 2008). For instance, using IKKa/ and
IKKb/ MEFs, May et al. showed that IKKa/ cells were sensi-
tized to TNFa-induced death that was entirely caspase depen-
dent, whereas death in IKKb/ MEFs was caspase independent
and accompanied by loss of Dcm and generation of ROS (May
and Madge, 2007). Similarly, we identified the IKKb subunit as
the key mediator of NF-kB prosurvival signals during infection
with Shigella. The mechanism through which the NF-kB pathway
protects against mitochondrial dysfunction induced by Shigella
infection will require further investigation. However, our results
indirectly suggest that prosurvival members of the Bcl-2 family,
which are transcriptionally regulated by NF-kB, likely participate
in this protection, by antagonizing the action of Bnip3 on the
mitochondrial outer membrane.
Our results have established that Bnip3 and CypD play a key
role in mediating the mitochondrial dysfunctions in Shigella-
infected cells. Strikingly, while these molecules have not been
linked previously to innate immunity and intracellular bacterial
detection, there is significant literature linking Bnip3 and CypD
to oxidative stress responses. Indeed, CypD-deficient MEFs
and hepatocytes have been found to be resistant to oxidative
stress (Baines et al., 2005), and CypD-deficient mice were resis-
tant to focal cerebral ischemia (Forte et al., 2007) and cardiac134 Cell Host & Microbe 5, 123–136, February 19, 2009 ª2009 Elsevand neuronal cell death induced by ischemia/reperfusion (Naka-
gawa et al., 2005). Importantly, CypD was found to be dispens-
able for other forms of cell death, such as caspase-dependent
apoptosis triggered by various stimuli, including staurosporine
and TNF (Baines et al., 2005). Our data therefore establish that
infection with an intracellular bacterium such as Shigella triggers
in nonmyeloid cells a cell death pathway tightly related to oxida-
tive stress response. Similarly, the specific implication of Bnip3
in Shigella-mediated mitochondrial dysfunction is of particular
interest, given the crucial role of this protein in oxidative stress-
and hypoxia-mediated cell death. Together, our results point to
the hypothesis that Shigella infection is viewed by the infected
host cell somewhat similarly to an oxidative stress, raising the
possibility that the infection itself results in a bona fide impair-
ment of cellular oxidative metabolism. It must be noted,
however, that in our experimental system, Shigella infection
failed to induce HIF-dependent signaling, suggesting that the
infection has some, but not all, the features of oxidative stress.
Further studies will be necessary to identify the early signals
induced in the cytosol of the infected host cell that lead to the
activation of Bnip3- and CypD-dependent alterations in mito-
chondrial physiology.
EXPERIMENTAL PROCEDURES
Bacterial Strains, Expression Plasmids, and Reagents
The bacterial strains used in this study were the invasive S. flexneri strain M90T
and its noninvasive variant BS176. Expression plasmids used are described in
Supplemental Data. The caspase inhibitor Z-VAD-fmk and Cyclosporine A
were purchased from Sigma-Aldrich (St. Louis, MO). The NF-kB inhibitors,
Wedelolactone and JSH-23, were obtained from Calbiochem (Darmstadt,
Germany).
Cells
The human epithelial cell lines HeLa and HEK293T were from American Type
Culture Collection. IKKa/ and IKKb/ MEFs were provided by Doctor
Michael May (University of Pennsylvania) and Doctor Verma (University of
San Diego), andNEMO/MEFs were provided by Doctor Tak W. Mak (Univer-
sity of Toronto). MEFs and BMDMs from WT, Nod1/, Nod1//CypD/,
and Rip2/ mice were isolated in accordance with protocols approved by
the University of Toronto Internal Review Board (#20006359) using standard
protocols (Xu, 2005).
Bacterial Infections
Cells cultured in antibiotic-free medium were infected at an moi of 100
(O.D.600 = 0.5), centrifuged at 2000 rpm/10 min, and incubated at 37
C/5%
CO2 for 30 min. Samples were washed three times and placed in fresh medium
containing gentamicin (50 mg/ml).
Time-Lapse Phase-Contrast Microscopy
HeLa cells grown on coverslips were placed in a temperature-controlled open
perfusion system (Medical Instruments). Phase-contrast images were
obtained with a Leica DM IRBE microscope and 403 oil-immersion lens (NA
1.0). Improvision Openlab 2 software was used to automate the acquisition
of images at 30 min intervals over 7 hr time courses with a Hamamatsu
C4742-95 cooled CCD camera.
Electronic Transmission Microscopy
Following infection, cells were washed with PBS and fixed in 2% paraformal-
dehyde-0.1% glutaraldehyde in 0.15 M sodium cacodylate (pH 7.4). Samples
were processed at Microscopy Imaging Lab at the University of Toronto,
where transmission electronic microscopy was performed.ier Inc.
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For the last 30 min of the infection period, cells were incubated in complete
medium containing 50 nM MitoTracker Deep Red 633 (Molecular Probes;
Eugene, OR) and then fixed with 3.7% formaldehyde and stained with Hoechst
33342 (5 mg/ml) (Sigma-Aldrich). Images were obtained using Volocity soft-
ware (Improvision, Inc.; Waltham, MA).
Transfection and Luciferase-Reporter Assays in HEK293 Cells
Luciferase-reporter assays were carried out in HEK293T cells as previously
described (Girardin et al., 2001).
Transfection and RNA Interference in MEFs and HeLa
MEFs were transfected with Bcl-2 expression vector using Lipofectamine
2000 (Invitrogen) according to manfacturer’s instructions for 24 hr before
infection. Small interfering RNA (siRNA) oligonucleotides directed against
mouse Bnip3 were purchased from Dharmacon (Lafayette, CO) and were
transfected with Lipofectamine 2000 (Invitrogen) into MEFs 72 hr before infec-
tion. HeLa cells were silenced for Nod1 expression using an shRNA construct
purchased from InvivoGen and previously validated in our lab (Viala et al.,
2004) with FuGENE 6 Reagent (Roche Diagnostics; Mannheim, Germany),
according to manufacturer’s recommendations.
TUNEL Assay
TUNEL assays were performed using the TACS TdT In Situ Detection Kit (R&D
Systems; Minneapolis, MN) according to the manufacturer’s instructions.
Flow Cytometry (FACS)
For all FACS analysis, adherent cells were detached, pooled with floating cells,
and washed with PBS before staining. All analyses were carried out in a
FACSCalibur Flow Cytometer (Becton Dickinson; San Jose, CA). Ten thousand
events were evaluated for every analysis.
Propidium Iodide Permeabilization Assay
Cells were stained with P.I. (10 mg/ml) (Sigma-Aldrich) and incubated for 10 min
at room temperature before FACS analysis.
Annexin V Staining
Exposure of phosphatidylserine residues was assessed using the Annexin
V-Biotin Apoptosis Detection Kit (Roche Diagnostics), according to the manu-
facturer’s instructions, and analyzed by FACS.
Mitochondrial Membrane Potential (Dcm) Assessment
Samples were resuspended in PBS-BSA 1% containing 4 nM DiOC6 (Sigma-
Aldrich) and incubated for 20 min at 37C before FACS analysis.
ROS Measurement
Cells were incubated in prewarmed PBS-BSA 1% containing 10 mM 5-(and-6)-
chloromethyl-20,70-dichlorodihydro-fluorescein diacetate, acetyl ester
(H2DCFDA; Molecular Probes) for 20 min at 37
C, washed in PBS, and
analyzed by FACS.
NF-kB Activation
Nuclear extracts from MEFs were prepared by using TransFactor Extraction
Kit (BD Biosciences; Franklin Lakes, NJ) according to manufacturer’s instruc-
tions. The presence of translocated p65 subunit was then assessed by using
Mercury TransFactor Kit (BD Biosciences) according to manufacturer’s
instructions. Plates were read at 655 nm, and results were expressed as OD.
Cytokine Measurements
The release of the chemokine KC into the medium was measured using R&D
Duoset ELISA Kits according to manufacturer’s instructions (R&D Systems).
RT-PCR
RT-PCR was performed using a standard protocol, as described previously
(Yao et al., 2007). Briefly, total cellular RNA was isolated using RNeasy Mini
Kit (QIAGEN, Inc.; Mississauga, Canada) and reverse transcribed into cDNA
using the OneStep RT-PCR Kit (QIAGEN). The primers used are presented in
Table S1 and were purchased from IDT, Inc. (Coralville, IA). Relative bandCell Hosintensity was quantified and normalized to b-actin gene using the ImageQuant
5.0 Software (GE Healthcare; Piscataway, NJ).
Statistical Analysis
Results are expressed as means ± SEM of data obtained in independent
experiments. Statistical differences between groups were determined with
a one-way ANOVA followed by the Dunnett’s or Bonferroni’s multiple compar-
ison posttest or with the Mann-Whitney U test. Statistical significance was set
at p < 0.05.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, one
table, and nine figures and can be found online at http://www.cell.com/
cellhostandmicrobe/supplemental/S1931-3128(09)00029-8.
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